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Introduction
In the last decade one focal point of our interest has been the properties and reactivity of M(CO)h(CNR),-(R'DAB)2 (M = Fe, Ru; n = 0, 1, and 3) complexes with unsaturated substrates (e.g., activated alkynes? alkenes: and heteroallenes6) involving C-C and C-N bond formation leading to interesting heterocycles (see Scheme l).
The initial step in these reactions consista of an oxidative l,&dipolar cycloaddition reaction of the dipolarophile, e.g., an electron deficient alkyne, across the 1,3-dipolar M-N=C fragment resulting in the formation of a [2.
2.1] bicyclic intermediate (2). This intermediate can intramo-
lecularly react further by insertion of one of the CO or CNR ligands attached to the iron center followed by the uptake of an additional ligand L' leading to a stable r2.2.21 bicyclic compound (3) or 2 reacts further intermolecularly with a second dipolarophile to give a double cycloaddition product (6). For the formation of 5 it is necessary that at least one of the three terminal ligands in complex 1 be an aliphatic isocyanide, which is more u-donating/worse ?r-accepting than CO. 6 In the case that the three ligands L in 1 are CO ligands, complex 3 can undergo a reductive elimination leading to the formation of a 1,bdihydropyrrol-2-one complex 4.
Earlier we described a unique reversible isocyanide temperature dependent deinsertion process4 and the reactivity of two dipolarophiles containing C-S bonds, namely COS and CSzP In the present paper we again employ dipolarophdes with reactive C==S bonds, namely aryl isothiocyanates, R"C6H4NCS1 which are also known 
Scheme 1. Reaction Steps in the Cycloaddition of DMAD to the Fe-N+ Fragment in Complexes
Feiken et al. for their usefulness as dipolarophiles in organic cycloaddition chemistry.'
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Experimental Section
General Information. Reactions were performed in an atmosphere of dry nitrogen using standard Schlenk techniques. Silica gel for column chromatography (silanized Kieselgel 60, 7CF230 mesh, E. Merck, Darmstadt) was activated before use.
Solvents were freshly distilled from sodium benzophenone-ketyl. CH&h was distilled from CaC12. Elemental analyses were carried out by Dornis und Kolbe, Mikroanalytisches Laboratorium, M U e i m a.d. Ruhr, Germany. 2,6-Xylyl isocyanide (Fluka) and isothiocyanates a-d (Fluka) were obtainedcommeridy and used without purification. Fe(2,6-xylyl isocyanide)s(i-PrDAB) (7) was prepared in situ from Fe(i-PrDAB)z (6) and 2,6-xylyl isocyanide according to published procedures. To a solution of Fe(iPrDAB)2 (416 mg, 1.24 mmol) and 5 equiv of 2,6-xylyl-NC (812 mg, 6.19 mmol) in 30 mL of THF was added at room temperature a solution of 1 equiv of the respective isothiocyanate in 20 mL of THF over 0.5 h followed by stirring for an additional 1 h. The solution was taken to dryness in vacuo, and the crude product was redissolved in 4 mL of CH2Cl2 and separated by column chromatography. Elution with hexane afforded a yellow fraction containing 11. Further elution with diethyl ether afforded a yellow fraction containing 10 in a yield of $lo%. The hexane 
3
AT r=Co x = o fraction still contained traces of 2,6-xylyl-NC and free i-PrDAB. Therefore the product was redissolved in 4 mL of diethyl ether and rechromatographed. Again, elution with hexane gave a yellow fraction. After removal of the solvent a yellow powder resulted, which was identified as 11 in a yield of W 9 5 % . The product could be further purified by means of crystallization from a concentrated solution of hexane/EhO (5/1).
Reaction of 10a/b with 1 equiv of 2,6-Xylyl-NCFormation of lla/b. A solution of 10a (11.8 mg, 13.6 pmol) (or lob) and 1.0 equiv of 2,6-xylyl-NC (1.78 mg, 13.6 pmol) in 0.4 mL of C& or toluene-de at 303 K was continuously monitored by 'H NMR for circa 2 h, showing a very fast formation of 1 la,b.
Complex llb was formed in loo%, whereas 10b showed an equilibrium with llb. NMR Study of the Equilibrium 11 i= 10 + 2,6-Xylyl-NC.
Solutions of 1 la-d in toluene-de (calculated concentrations: 1 la, 0.06094M llb, 0.05490M llc,O.O3019M; lld, 0.04112 M) were made up in an NMR tube and allowed to reach equilibrium at a temperature at which signals of 10 could be observed. From the integrals of the imine proton resonances the equilibrium constants could be calculated at a series of temperatures after the equilibrium was established (circa 45 min between each temperature increase). Each series of measurements was concluded by lowering the temperature to the initial, lowest temperature used in the experiment to check whether the same equilibrium constant was reattained. This was in all cases the same, indicating a true dynamic equilibrium behavior.
Crystal Structure of Complex loa. Crystala were grown from a saturated EhO/CH&l* (4/1) solution at -80 OC. A crystal with approximate dimensions 0.20 X 0.25 X 0.40 mms was used for data collection on an Enraf-Nonius CAD-4 diffractometer with graphite-monochromated Cu Ka radiation and an w26scan. A total of 5375 unique reflections was measured within the range -23 I h I 23, -12 I k I 0,O I 1 I 35. Of these, 2918 were above the significance level of 2.5u(n. The maximum value of (sin u)/X was 0.50 A-1. Two reference reflections (1,-1,2, -4,0,4) were measured every hour and showed a 5 % decrease during the 62-h collecting time, which was corrected for. Unit-cell parameters were refined by a leasbsquares fitting procedure using 23 reflections with 70 < 26 < 72O. Corrections for Lorentz and polarization effecta were applied. The structure was solved by direct methods. The hydrogen atoms were calculated. Fullmatrix least-squarea refmement on F, anisotropic for the nonhydrogen atoms and isotropic for the hydrogen atoms, restraining the latter in such a way that the distance to their carrier remained Table 1 .
Results and Discussion The reactions discussed in this paper are schematically shown in Scheme 3.
A solution of Fe(2,6-xylyl-NC)&PrDAB) in either THF or hexane was prepared in situ from Fe(i-PrDAB)n and 5 equivof 2,6-xylyl-NC (Scheme 2). 893' The additional 2 equiv of isocyanide is required for the formation of the 13.2.21 bicyclic complexes. As has been reported in the cases of CS2 and COS, the isothiocyanates R"NCS add their C = S bond over the Fe-N=C unit of 7, followed by the insertion of one or two 2,b-xylyl-NC molecules, leading to 12.2.21 and L3.2.21 bicyclic complexes, respectively. Depending on the kind of R" group a different product distribution of 10 and 11 was observed. In hexane as solvent, only isothiocyanate a (R" = H) undergoes a clean reaction to give the 12.2.21 bicyclic compound loa. The other isothiocyanates discussed in this paper gave untractable mixtures of products and decomposition products when hexane was used as solvent. In THF as solvent, the reaction directly leads to the formation of complexes lla-d; 10a and 10b were formed in a minor amount. When complexes 1la-d are slightly warmed in either benzene-de or toluene-de, they undergo an isocyanide deinsertion leading to the 12.2.21 bicyclic compounds 1Oa-d, respectively. On further heating to reflux temperature in deuterated toluene in a NMR tube, an immediate color change from yellow to red was observed. This indicates the back-formation of complex 7, which was also proven by 'H NMR. On cooling again, the red color dissappeared. So, the whole reaction sequence shown in Scheme 3 is reversible.
The first step in this reversible process, the deinsertion of an isocyanide, going from 11 to 10, was monitored by lH NMR in deuterated toluene at different temperatures. At every temperature, which was chosen in a suitable temperature range, an equilibrium constant (K,) could be calculated from the start concentration of 11 and the relative amounts of 10 and 11 at a certain temperature, determined from the integrals of the imine proton resonances in the 'H NMR spectra. The measured data points give straight lines when plotting the reciprocal temperature (UT) values against the natural logarithm (In K,) values (Figure 1 ). Using the assumption that AH and A S are constant over the employed temperature range, the thermodynamic standard parameters A?Io, AGO, and ASo for the isocyanide deinsertion reaction 11 s 10 have been calculatedI3 and are collected in Table 2 . We also tried to determine the thermodynamic values for the reverse reaction 10 FF 7, but this, just as in the case of dimethyl maleate as dipolarophile,' was impeded by the The present clean reactions are only observed with aryl isocyanides in 7 and aryl isothiocyanates as dipolarophiles. Attempts to use alkyl isothiocyanates as dipolarophiles pounds there are two molecules of isothiocyanate involved. We do not observe double cycloaddition products analogous to 5. The structure and properties of these products are still under investigation. Molecular Structureof Complex loa. Themolecular structure of complex loa together with the atomic numbering is shown in Figure 2 . In Tables 3-5 the atomic coordinates and bond lengths and angles are given.
The molecular structure of complex loa has a familar 12.2.21 bicyclic skeleton that has been found earlier for the CSZ case5 and is therefore comparable with the latter. This structure clearly shows that the isothiocyanate has been cycloadded over the C(l)=S bond. The geometry around the metal atom is slightly distorted octahedral.
The Fe-S bond length in complex 10a (2.326(5) A) is comparable with the value found for the CSZ compound (2.311(3) A). In complex 10a the bond distance of C(l)-S is 1.72(2) A; in the CSz structure this distance is 1.662(12) A. The angle S-C(l)--N(S) in 10a is greater than the corresponding S-C=S angle. This is attributed to a decreased delocalization in the S-C(1)-N(3) unit. Also the greater electronegativity of the N(3) atom as compared to that of an S atom may play a role.
The mean angles around C(1) (120O) indicate the change from sp to sp2 hybridization, due to the cycloaddition reaction. Correspondingly, the hybridization around N(3) has also changed. Due to the insertion the C(4)-N(4) bond is reduced from a triple to a double bond, which is reflected in a greater bond distance compared with that found in the terminally coordinated isocyanides. Also the angle round N(4) indicates sp2 hybridization.
The distances and angles found in the -N-C, I units are characteristic for terminally coordinated isocyanides.6 Feiken et al. (1) 114 (1) llO (1) 122 (1) 119 (1) 117 (1) 124 (1) 174 (1) 177 (1) 175 (1) 112 (2) 1 lO (1) 108 (1) 109 (2) 111 (1) 112 (1) 120 (2) 116 (2) 124 (2) 119 (2) 122 (3) 119 (2) 117 (2) 122 (2) 119 (2) 117 (1) 123 (1) 120 (2) 120 (2) 119 (2) 121 (2) 117 (2) 122 (2) 120 (2) 120 (2) 120 ( 2) 121 (2) 119 (1) 119 (1) 118 (2) 1 20( 2) 122 (2) 122 (2) 119 (2) 122 (2) 117 (2) 119 (2) 124 (2) 125 (2) 116 (2) 119 (2) 114 (2) 123 (2) 123 (3) 120 (3) 122 (3) 119 (3) 119 (2) 121 (2) 120 (2) 125 (2) 119 (2) 116 (2) 115 (2) 123 (2) 1 24( 2) 119 (2) 123 (2) 113 (2) 122 (2) 125 (2) 119 (1) 122 (1) 119 (1) 117 (1) 118 (1) 121 (1) 119 (1) 129 (1) 167 (2) 173 (2) 170 (2) 121 (2) NMRSpectroscopy. lH NMR and l3C(lHJ NMR data of the Fe((2,6-xylyl)NC)3( [2.2.2lbic) (10a,b) and Fe((2,6-xylyl)NC)3([3.2.2]bic) (lla-d) are listed in Tables 6 and  7 , respectively; the atomic numbering is given in Scheme 3.
1H NMR. The lH NMR data for complexes 10a,b are in agreement with those of the isostructural complexes 3.193'4 The spectra show the familiar pattern for this kind of [2.2.2] bicyclic complexes. Not surprisingly, the spectra of the f3.2.21 complexes 11 show a pattern similar to that of their bicyclo[2.2.21 precursors 10, except for the appearance of in total four methyl signals in the region 2.21-2.70 ppm. The imine proton atoms resonate in the region 8.38-8.41 ppm as doublets with a coupling constant of 5.8-5.9 Hz. This is 0.11-0.15 ppm shifted upfield whereas the coupling constant is not significantly different from that for complexes 10. *JC NMR. The effect of rehybridization of the former imine carbon atom from sp2 to sp3 is also observed in the I3C NMR spectra of complexes 10 and 11. The intact imine carbon nucleus (C(2)) resonates at 169.0 ppm for 10 and around 162.5 ppm for 11, whereas the bridgehead, the former imine carbon nucleus (C(5)), resonates at 64.5-64.6 ppm for 10 and 61.6-61.8 ppm for 11. The terminal isocyanide carbon nuclei (C(32)) give three signals for complexes 10 and 11. This indicates that the three terminal isocyanide ligands do not interchange positions on the NMR time scale. The signals found for 11 are shifted downfield compared with the chemical shifts of the signals of 10. This means a greater deshielding effect for the carbon nuclei which can be explained by a greater r-back-donation from metal to ligand. The aryl rings of the terminal isocyanide ligands can rotate freely, which is evident from the equivalency of the methyl groups which give three signals for the six methyl groups. The carbon atoms (C(3) ) of the isothiocyanate unit of 10 and 11 are found at circa 213.5 ppm. In the free isothiocyanates these carbon atoms resonate in the region 135-141 ppm, which means a marked downfield shift of circa 75 ppm as a consequence of the cycloaddition reaction. A comparable downfield shift has also been observed for the CS2 carbon atom in the [2.2.23 bicyclic compound6 formed from 7 and CS2. Again, this has to be ascribed to rehybridization during the cycloaddition, in this case from sp to sp2.
IR Spectroscopy. The IR data for complexes 10 and 11 together with the elemental analyses and the FAB mass spectral data are listed in Table 8 .
The C=N stretching vibration values are a measure of the amount of ?r-back-donation from the metal into the orthogonal, C=N antibonding **-orbitals of the terminal isocyanide ligands. For this reason it is interesting to compare the C=N stretching frequencies in 10 and 11 with those in cycloaddition products of 7 and other dipolarophiles.
Compared with the earlier described cycloaddition products formed from 7 and dipolarophiles containing C=S bonds6 (COS and CS2), complexes 10 show more .rr-back-donation from the iron(I1) ion to the isocyanide ligands. The C=N stretching bonds of complexes 10 are found at slightly higher wavenumbers than those of the i2.2.21 bicyclic c0mpound3~~~ formed from 7 and DMAD or DMM. The C=N stretching frequencies of 11 are lower than those of 10, i.e., less *-back-donation to the terminal isocyanide ligands of the latter.
If the aryl groups of the isocyanide ligands are less electron withdrawing, this will increase the C-N bond order and consequently the C=N stretching frequency. So, for a given isocyanide, the order for a-back-donation from metal to ligand is CS2 < 10<DMAD < 11 =DMM Dependent on the type of bicyclic compound and on the dipolarophile used for the cycloaddition reaction, different degrees of ?r-back-donation character can be observed. This trend is also observed in the l3C NMR spectra of 10 and 11 (vide supra).
Compared with the C=N stretching frequencies of the Fe(0) starting complex 73' (2070 (strong) and 1970 (broad) cm-l), the terminal isocyanides of all complexes show more u-donation and less *-back-donation after the cycloaddition reaction. This is a logical consequence of the fact that the central iron atom after the reaction is in the formal oxidation state (+2).
Complex Formation. The first step in the reaction of Fe(C0)Sn(RNC),(i-PrDAB) complexes with alkynes (n = 0,1,3), alkenes (n = 3), and heteroallenic C=S bonds 26, d, lH, 5.6 Hz 5.07, d, lH, 5.9 Hz 5.25, d, lH, 5.5 Hz 5.06, d, lH, 5.9 Hz 5.06, d, lH, 5.9 Hz 5.08, d, lH, 6.0 Hz H(2) 8. 53, d, lH, 5.6 Hz 8.41, d, lH, 5.9 Hz 8.52, d, lH, 5.6 Hz 8.39, d, lH, 5.9 Hz 8.40, d, lH, 5.8 Hz 8.38, d, lH, 5.9 Hz H(5). H(9) 4.57, sept, 2H, 6.8 Hz 4.21, sept, lH, 6.7 Hz 4.58, sept, lH, 6.6 Hz 4.20, sept, lH, 6.6 Hz 4.19, sept, 2H, 6.6 Hz 4.22, sept, lH, 6.7 Hz 3.13, sept, lH, 6.8 Hz 2.67, sept, lH, 6.8 Hz 4.51, sept, lH, 6.7 Hz 2.66, sept, lH, 1.43, d, 3H, 6.7 HZ 1.31, d, 3H, 6.6 HZ 1.42, d, 3H, 6.7 HZ 1.31, d, 3H, 6.5 HZ 1.30, d, 3H, 6.5 HZ 1.30, d, 3H, 6.5 HZ H ( W 1.39, d, 3H, 6.6 Hz 0.93, d, 3H, 6.3 Hz 1.39, d, 3H, 6.6 Hz 0.92, d, 3H, 6.4 Hz 0.93, d, 3H, 6.3 Hz 1.23, d, 3H, 6.3 Hz 1.11, d, 3H, 6.8Hz 0.87, d.3H, 6.3Hz 1.10, d, 3H, 6.7Hz Oa87, d, 3H, 6.6Hz OU87, d, 6H, 6.4Hz 0.94, d, 3H, 6.4Hz 0.99, d, 3H, 6.6 Hz 0.87, d, 3H, 6.4 Hz 0.87, d, 3H, 6 135.4, 133.9, 129.7, 129.4, 128.4, 127.8 [C(14, 18,24,28, 34) indicating that complexes 11 are thermodynamically more stable than complexes 10. Conversely, thereaction of 10a,b with 1 equiv 2,6-xylyl-NC in deuterated benzene or toluene in an NMR tube showed the almost immediate formation of lla,b.
In hexane, the formation of complex 11 was not observed. Only in the case of phenyl isothiocyanate was the formation of a [2.2.2] bicyclic structure 10 found, whereas the other isothiocyanates gave no products which could be identified. The reason for this could be that complex 10a precipitates in hexane and the reaction in the solid state is not favorable and fast in these cases. The inhibition of formation of complex 1 la in hexane is thus of kinetic origin. The reason that only isothiocyanate a gave an identifiable product in hexane has to be thermodynamic: the A G O energy levels of 10b-d are too high compared with the AGO energy levels of llb-d. This is reflected in Table 3 : the AGO for the isocyanide deinsertion reaction is the lowest for complex lla. Consequently, the formation of 10 is easiest in the case of phenyl isothiocyanate. This is a nice example of thermodynamics as a tool for understanding reaction pathways, especially in the case of subtle differences in the substrates employed; the differences are subtle indeed, because the R" groups of the isothiocyanates, which are the only variables, are rather remote from the reacting C = S bonds.
Feiken et al.
The above described equilibrium between complexes 10 and 11 was alsoobserved in the attempted crystallization of complexes 11. For example, a saturated solution of 1 lc in diethyl ether/dichloromethane (5/1) gave at -80 "C crystals of 1Oc after several months. So, the dynamic equilibrium between 10 and 11 shifted the product distribution toward lOc, because this complex was drawn away from the equilibrium by precipitation. In order to get suitable crystals of 11 for an X-ray structure determination we have tried to block the equilibrium between 10 and 11 by coordinating metals to the a-diimine unit of the two inserted isocyanides. But all crystallization attempts have hitherto failed.
Conclusion
Although multiple isocyanide insertions17 are well documented in the literature, isocyanide deinsertion is still exceptional. The only previous example of a (reversible) isocyanide deinsertion was found in our laboratory by de Lange et al.' They used dimethyl maleate as the dipolarophile. However, they could not establish equilibria at different temperatures. For this reason it is the first time that thermodynamic parameters for the deinsertion reaction of an isocyanide ligand are reported here.
